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Influence of Heave Plate on the
Flow-Induced Motions of a
Floating Offshore Wind Turbine
Flow-induce motions (FIM) small-scale model tests were performed for the Jappaku float-
ing offshore wind turbines (JPK), a FOWT developed to operate in Brazilian waters. This
paper aims to investigate the presence of FIM on the JPK to show the importance of heave
plate (HP) design and to show how HP mitigates FIM. Three different HP dimensions were
tested and compared with the condition without HP. In addition, two different incidence
angles of the current were tested, namely, 0 deg and 180 deg. The results showed ampli-
tudes in the transverse direction similar to the diameter of the external platform column
for the case without HP. These amplitudes are higher than the ones observed for previous
deep-draft semi-submersibles found in the literature. Conversely, the largest HP dimensions
implied in mitigation of the FIM amplitudes, i.e., very low amplitudes, were observed. The
presence of the central column played an essential role in FIM and significantly modified
the amplitudes in different current incidences. Due to the different diameters of the external
and central columns, the FIM presented two different branches of response related to the
vortex-shedding frequency around the columns. The results showed that significant FIM
could occur for this specific JPK investigation even with HP. The HP design has a positive
effect on reducing dynamic behaviors due to the wave and current incidences. Therefore, its
design must be included in the preliminary stages of FOWT developments.
[DOI: 10.1115/1.4056345]
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1 Introduction
Flow-induced motions (FIM) are an issue for multi-column plat-

forms, such as Floating Offshore Wind Turbines (FOWT). The phe-
nomenon can increase the fatigue failure of the mooring and/or
cable systems and can also stop the turbine operation. Differently
from the high-frequency structural damage due to the wave-induced
motions (WIM), the FIM causes a low-frequency structural damage.
As pointed out by Blevins [1] and Zhao et al. [2], non-symmetric

bluff bodies, for example, multi-column systems, are susceptible to
two main FIM: vortex-induced motions (VIM), where the fre-
quency of periodic vortex shedding and the frequency of the
body oscillation synchronize; and galloping, an aeroelastic instabil-
ity, caused by changes in the relative angle of attack induced by the
body motion resulting in aerodynamic forces in the same degree-
of-freedom (DOF) as the motion.
Since the new projects reach large dimensions of single and

multi-column systems, these systems are exposed to the ocean envi-
ronment as current incidence, and they are subject to FIM ampli-
tudes, an extensive state-of-art review can be found in the study
by Yin et al. [3]. In addition, new FOWTs have demanded dimen-
sion changes to meet the turbine limits of working time, such as the

acceleration of the nacelle of the rotor and inclination angles of the
tower [4].
Different FOWT platform configurations have been studied, as

by Liu et al. [5], Lemmer et al. [6], Suzuki et al. [7], and Mello
et al. [8]. However, few works addressing the FIM phenomenon
of FOWT could be found in the literature; the ones encountered
were reported by Carlson and Sadeghi [9] and Gonçalves et al.
[10] for a single and multi-column configuration, respectively.
One of the solutions to reduce the wave-induced motions (WIM)

of FOWT designs is the inclusion of heave plates (HP). The heave
plate is a flat structure attached to the column bottom aiming to
increase the added mass and damping of the system, and conse-
quently, the usage of HP mainly decreases the vertical response
in waves of the FOWT; however, the behavior was not deeply
investigated in the presence of currents.
The benchmarking FOWT semi-submersible type (OC4 phase II)

presents HPs to improve the hydrodynamic behavior, as in the
study by Robertson et al. [11]. Studies by Lopez-Pavon and
Souto-Iglesias [12], Thiagarajan and Moreno [13], Jiang et al.
[14], and Takta et al. [15] showed HP as a good solution for multi-
column FOWT. Kosasih et al. [16] conducted studies of a barge-
type FOWT that presented heave plates to minimize the wave
effects in the vertical motions. Moreover, fundamental studies
about heave plate effects on added mass, damping, and FIM can
be found for a single-column platform in Gonçalves et al. [17].
In the study by Mello et al. [8], an analysis of heave plates to

improve the FOWT performance in waves was presented. The
work was developed for designing a FOWT to operate in Brazilian
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waters, Jappaku FOWT (JPK). The multi-column system contains
four vertical columns. Heave plates were positioned at the bottom
of each column, and the use of heave plate height was analyzed
to help tune the natural periods in heave, roll, and pitch without
further increasing the diameter of the plates. A combination of
three heave plate diameters, Dp, and three heave plate heights,
Hp, were studied. Decay tests for heave, pitch, and surge were per-
formed to evaluate the added mass and damping levels. Further,
regular and irregular wave tests were performed to validate a numer-
ical model using the potential theory.
Following the same geometry parameters investigated by Mello

et al. [8], the present work aims to examine the effect of the
heave plate geometry subject to the incidence current and, conse-
quently, the FIM amplitudes of the JPK. Results regarding FIM
amplitudes in the transverse and yaw motion directions are pre-
sented for each configuration.

2 Experimental Setup
The experimental tests were performed in the towing tank at the

University of Tokyo (Japan). Regarding the main dimensions, the
towing tank facility has 85 m in length, 3.5 m in width, and 2.4 m
in depth.
The JPK model is based on the JPK definition as presented in Fig. 1

and described by Mello et al. [8]. The reduced-scale model has a scale
of 1:60 based on Froude scaling, and details are presented in Table 1.
Figure 2 contains the main parameters of the platform; Fig. 3 presents
the picture of the reduced-scale model used during the experiments.
The reduced-scale model was connected to four linear springs

attached to the towing carriage, as shown in Fig. 4. The simplified

mooring system can be considered linear for the range of the dis-
placements observed during the experiments, as calculated by
applying the analytical formulation by Pesce et al. [18].
A deck made of acrylic was constructed to attach the mooring

system and support the passive targets used for the motion-
capturing device. The deck configuration allowed the current inci-
dent angle changes, keeping the same restoring force. Each
mooring line presented a stiffness of 7.6 N/m and 9.4 N/m, with

Fig. 1 Jappaku FOWT (JPK) 3D model

Fig. 2 Model parameters

Fig. 3 Picture of the 1:60 reduced-scale model of the JPK

Table 1 Main dimensions of the JPK models tested

Property HP0 HPS HPM HPL

T (mm) 333.0
S (mm) 733.3
D (mm) 150.0
Dcc (mm) 250.0
Wp (mm) 0.0 140.0 170.0 200.0
Hp (mm) 0.0 70.0 85.0 100.0
Dp (mm) 0.0 290.0 320.0 350.0
Dpcc (mm) 0.0 390.0 420.0 450.0
m (kg) 34.04 41.09 42.55 44.47
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pre-tension equal to 9.0 N and 8.2 N for inline and transverse direc-
tions, respectively. The total stiffness in the inline, transverse, and
yaw directions were KX= 30.1 N/m, KY= 28.3 N/m, and Kyaw=
0.51 N ·m/deg, respectively.

The HP considered has only a bottom side forming an L-shaped
cross section, as defined in the JPK model by Mello et al. [8]. The
HP dimensions were modified to verify the HP effects on the FIM
of the JPK model. As proposed by Mello et al. [8], the ratio between
the width and height of the plates was kept constant as Wp/Hp= 2.
The ratio between the HP width and the characteristic diameter, in
this case, chosen as the diameter of the external columns, D, was
modified as Wp/D= 0.48, 0.53, and 0.57, respectively, named as
HPS, HPM, and HPL cases. The case without the HP was called
HP0.
The draft of the JPK models was kept constant during the exper-

iments, i.e., T= 330 mm, which corresponds to a column aspect
ratio, T/D= 2.2.
The natural periods, T0n, and linear damping, ζn, obtained during

the decay tests in still water are presented in Table 2 and, respec-
tively, where n represents the corresponding DOF.
The 6DOFs platform motions were measured using an optical

motion capturing system (Qualisys®) composed of four cameras
and five passive targets attached to the model deck. Those measure-
ments were acquired at a sampling frequency of 100 Hz.
Two main incidence angles were tested, particularly 0 deg and

180 deg, as described in Fig. 4. For each incidence angle, at least
25 reduced velocities were carried out. The uniform current
profile was simulated by towing the model supported by the
towing car.
The range of the incident current velocity, or towing car velocity,

was 0.05 m/s≤U≤ 0.30 m/s. Each VIM run was performed along
the 60-m length of the towing tank; therefore, the time duration
of each run depended on U. More than ten cycles in a steady-state
were carried out in each run, and it was considered enough to
provide reliable statistical results. No repetition for each run was
performed following the methodology proposed by Gonçalves
et al. [10], which guarantees confident results.
Figure 5 shows an example of time series of the non-dimensional

in-line and transverse displacements. From 0 s to 60 s, the transient
region comprises the time of the car acceleration to the tested inci-
dence current velocity and the time to achieve the model equilib-
rium drift position. The steady-state phenomenon is considered
from 60 s to the end of the run characterized by the end of the
towing tank, i.e., the limit of the measurements.

3 Analysis Methodology
3.1 Reduced Velocity. The reduced velocity Vr is defined as a

function of the incident current velocity, U, the natural period of the
motion in the transverse direction in still water, T0Y, and the charac-
teristic length of the body section subjected to vortex shedding, D.
The characteristic length was defined as the diameter of the external
columns, D, thus

Vr =
U.T0Y
D

(1)

In this case, the range of 4 <Vr< 25 was tested.
Fig. 4 Sketch of the simplified mooring system setup com-
posed of four spring lines at the towing tank

Table 2 Natural periods damping obtained from decay tests in
still water for the different heave plate dimensions

Degree-of-freedom HP0 HPS HPM HPL

T0X (s) 9.14± 0.01 10.21± 0.05 10.51± 0.04 11.06± 0.02
T0Y (s) 9.76± 0.02 10.66± 0.01 11.08± 0.03 11.58± 0.02
T0Z (s) 1.26± 0.01 1.95± 0.01 2.20± 0.01 2.55± 0.01
T0pitch (s) 1.83± 0.01 2.56± 0.01 2.75± 0.02 2.99± 0.01
T0yaw (s) 3.52± 0.01 3.88± 0.01 4.01± 0.01 4.21± 0.01
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3.2 Reynolds Number. The Reynolds Number Re is defined
as below, where ν is the kinematic viscosity of the fluid.

Re =
UD

ν
(2)

Here, the range of 7,000 <Re < 50,000 was tested.

3.3 Motion Amplitudes. Motions in the 6DOFs were mea-
sured. The FIM response of the JPK model was analyzed through
the root-mean-square (RMS) of the displacements, considering a
signal of a zero mean, in the inline and transverse directions and
angles of rotation in the case of the yaw motion. The RMS was cal-
culated in the case of a set of n values (x1, x2, …, xn) as

xRMS =

�����������������������
1
n
.(x21 + x22 + . . . + x2n)

√
(3)

Moreover, as commonly found, non-dimensional characteristic
amplitudes in the in-line direction were calculated as a quotient of
the RMS displacements, AY, by the diameter of the external
columns, D, and multiplied by

��
2

√
, thus

AY

D
=

��
2

√
yRMS

D
(4)

The same procedure was applied to the transverse and vertical
directions. For the characteristic amplitude of the roll, pitch, and
yaw angles, no dimensionless form was adopted, for example

Ayaw =
��
2

√
yawRMS (5)

4 Experimental Results
In this section, the results of the analysis of the FIM phenomenon

of the FOWT based on the JPK model are presented concerning two
different angles of the current incidence, namely, 0 and 180 deg.
The results are compared for three HP dimensions and the case
without HP as a reference. Finally, the discussion addresses the
HP effects and the central column presence.
Figures 6 and 7 present the results of the non-dimensional nominal

amplitudes of the motions in the transverse direction, AY/D,
for 0- and 180-deg incidences, respectively. As expected, the
highest values of AY/D were observed for the case without the HP.
AY/D decreased when increasing the HP dimensions. However,

for the smallest HP, Wp/D= 0.48, it is still possible to observe

Fig. 5 Time histories of the VIM test of non-dimensional in-line, transverse, and yaw displace-
ments for HP0, θ=0, and U=0.09 m/s condition

Fig. 6 Non-dimensional nominal amplitudes of the motions in
the transverse direction for the JPK model with 0-deg incidence
and different HP dimensions

Fig. 7 Non-dimensional nominal amplitudes of the motions in
the transverse direction for the JPK model with 180-deg inci-
dence and different HP dimensions
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high FIM amplitudes around 50% of the characteristic diameter, a
value similar to those surveyed for DD-SS. Moreover, the FIM phe-
nomenon was mitigated for larger HP dimensions, Wp/D> 0.48.
A significant difference in AY/D can be observed when compar-

ing the same HP dimension and different current incidences. The
further wake disturbance can explain this behavior due to the multi-
column geometry. In addition, the wakes interact with each other
differently due to the current incidence angle.
In the wake formation and vortex shedding, the central column

played an essential role due to its larger diameter than the external
columns. For example, the downstream external column was totally
immersed in the wake due to the upstream central column for the
180-deg incidence. Therefore, the total force of the system was
modified and resulted in different FIM amplitudes.
The increase in amplitudes when increasing the reduced velocity,

mainly for 180-deg incidence, may occur due to a “galloping-
like behavior.” The source of the “galloping-like behavior” of
the motion results may be related to the WIV—wake-induced
vibration. As pointed out by Assi [19], when a bluff body, like a
circular cylinder, is immersed in the wake developed from an
upstream body, it will dynamically respond with wake-induced
vibrations (WIVs). This mechanism has also been referred to as
“wake-induced galloping,” “interference galloping,” or “wake-
displacement excitation.”

Figures 8 and 9 present the results of the non-dimensional dom-
inant frequency for the motions in the transverse direction, fY/f0Y, for
0- and 180-deg incidences, respectively. Again, it is possible to
observe two different behaviors. One behavior occurred for Vr <
10, related to synchronization associated with a predominant
vortex shedding around the outside columns. Consequently, the
other behavior for Vr> 10 was associated with the predominant
vortex shedding of the central column.
When drawing a Strouhal-like number curve, as proposed by

Gonçalves et al. [20], using St= fyD/U, it appeared to two distinct
St determined by the curve slope. Considering that St was con-
stant for each column, it may explain the two different synchroniza-
tion regions due to the two distinct column diameters. In the second
region, the new slope curve followed the expression StD/Dcc. This
behavior was pronounced for the 180-deg incidence, whereby the
central column played an important role.
The FIM results of AY/D can be compared for different multi-

column platforms to better understand the effect of the central
column presence and current incidence angle. Figures 10 and 11
present a result comparison of AY/D for different platform
geometries with 0- and 180-deg incidence angles, respectively.
The present study without HP, Wp/D= 0.48, and T/D= 2.22 was
compared with the results of a single-cylinder case without HP
[21]; a three-circular-cylinder array without the presence of a

Fig. 8 Non-dimensional frequency for the motions in the trans-
verse direction for the JPK model with 0-deg incidence and dif-
ferent HP dimensions

Fig. 9 Non-dimensional frequency for the motions in the trans-
verse direction for the JPKmodel with 180-deg incidence and dif-
ferent HP dimensions

Fig. 10 Comparison of non-dimensional nominal amplitudes of
the motions in the transverse direction for model tests of differ-
ent geometries of platforms with 0-deg incidence

Fig. 11 Comparison of non-dimensional nominal amplitudes of
the motions in the transverse direction for model tests of differ-
ent geometries of platforms with 180-deg incidence
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central column and HP and T/D= 1.50 [21,22]; and then compared
with the OC4 FOWT that presents an HP,Wp/D= 0.50, T/D= 1.64,
and a small circular central column [10].
In Fig. 10, AY/D results showed that the presence of the central

columns was less critical than the presence of HP. The cases of a
single circular cylinder, an array of three cylinders, and the
present case with Wp/D= 0.48 presented the same behavior for Vr

< 10. On the other hand, the presence of HP decreased the AY/D, and
it was accentuated for the present case, whereby the column dia-
meter ratio was Dcc/D= 1.67 instead of Dcc/D= 0.55 for the
OC4 case. This is because the OC4 floater has thick heave plates
with top and bottom sides, whereas HP forms an L-shaped cross
section. The difference between HP may impact different levels
of damping and added mass as shown in Tables 2 and 3.
The values of the column aspect ratio, T/D, ranged from 1.5 for

the array of three cylinders up to 2.22 for the present cases. The
OC4 model presented T/D= 1.64. As pointed out by Gonçalves
et al. [20], single cylinders with low aspect ratio with 1.5 <T/D=
2.00 did not present a significant change in the amplitudes due to
the vortex shedding. Therefore, a coupled effect between HP and
central column configurations was responsible for the different
amplitudes of OC4 and present cases.
In Fig. 11, the effect of the incidence is evident for the case with

HP and central columns. The incidence angle was not a role for an
array of three cylinders since the amplitudes were similar for the 0-
and 180-deg incidences. As stated by Gonçalves et al. [22], for cir-
cular cases with center column distances larger than three diameters,
the behavior was similar for the single-cylinder case; i.e., the wake
interference in those cases was weak.
Comparing the same conditions for 0- and 180-deg incidence

with HP and central columns, it was possible to see significant dif-
ferences in the present work and in the OC4 case. Comparing the
present case with and without HP, only the current incidence
angle decreased the transverse amplitudes. In this case, the presence
of the central column was responsible for interfering with the wake
and vortex shedding, which implied a different FIM behavior.

Table 3 Linear hydrodynamic damping obtained from decay
tests in still water for the different heave plate dimensions

Property HP0 HPS HPM HPL

ζX (%) 3.38± 0.14 4.76± 0.27 5.99± 0.33 6.09± 0.07
ζY (%) 3.18± 0.24 4.62± 0.13 5.38± 0.25 5.73± 0.39
ζZ (%) 3.74± 0.34 4.52± 0.10 4.79± 0.09 5.11± 0.20
ζpitch (%) 2.45± 0.23 4.70± 0.14 4.92± 0.18 4.34± 0.34
ζyaw (%) 2.62± 0.05 4.85± 0.16 5.20± 0.20 6.03± 0.31

Fig. 12 Non-dimensional nominal yaw motion amplitudes for
the JPKmodel with 0-deg incidence and different HP dimensions

Fig. 13 Non-dimensional nominal yaw motion amplitudes for
the JPK model with 180-deg incidence and different HP
dimensions

Fig. 14 Non-dimensional frequency for yawmotions for the JPK
model with 0-deg incidence and different HP dimensions

Fig. 15 Non-dimensional frequency for yawmotions for the JPK
model with 180-deg incidence and different HP dimensions
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When HP was included in the previously discussed cases of the
present work, the AY/D decreased for both incidences, and again, the
lowest amplitudes were observed for the 180-deg incidence.
However, for the 180-deg incidence, the OC4 case presented
higher transverse amplitudes than the present one without HP,
which showed that the central column played an important role.
The importance of the central column was confirmed when compar-
ing the same HP conditions for the OC4 and the present work,
Wp/D ∼ 0.50, and the present results showed lower transverse
amplitudes.
The results of nominal yaw amplitudes, Ayaw, are presented in

Figs. 12 and 13 for 0- and 180-deg incidences, respectively. As
expected, the highest values of Ayaw were observed for the case
without HP. The results showed that the presence of HP was respon-
sible for completely mitigating the FIM for this DOF in all condi-
tions with Ayaw < 1 deg. The case without HP showed a different
behavior for 0- and 180-deg incidences, and again, the behavior
can be explained by the presence of the central column.
Figures 14 and 15 present the results of the non-dimensional fre-

quency for the yaw motions, fyaw/f0yaw, for 0- and 180-deg inci-
dences, respectively.
For the 0-deg incidence, it was possible to observe a synchroni-

zation of the yaw motion with the vortex shedding frequency as
shown by the linear behavior of the curve for Vr> 12. The behavior
matched the linear increase of the yaw amplitudes that may charac-
terize a galloping behavior. The yaw frequency was around the
natural frequency of yaw for all reduced velocities.
For the 180-deg incidence, three different behaviors were

observed. The first one, Vr< 10, was related to small fluctuations
of yaw motion around its respective natural frequency. However,
for Vr> 10, the yaw motion frequencies were the same as the
motion frequencies in the transverse direction, as can be confirmed
by the ratio between frequencies of yaw and motion in the trans-
verse direction fyaw/fY, as in Fig. 16. Therefore, for Vr> 10, the
mechanism was more complicated than before because we have a
coupling between yaw and motions in the transverse direction.
Since yaw presented an increase of amplitudes for an increase in
the reduced velocity, a galloping or a flutter may occur. More
studies must be conducted on these observations since the presence
of vortex-induced vibration (VIV) together with galloping and
flutter make the problem more complicated.

5 Conclusions
The motivation for the present work was to show the importance

of including FIM studies in the design stage of FOWT platforms,

particularly the multi-column platform types. The results can be
used as a reliable dataset for HP design as a suppression solution
of motions due to waves and current incidences.
Flow-induced motions model tests were performed with a 1:60

reduced-scale model in the towing tank of the University of
Tokyo, Japan. Two main incidence angles were tested, particularly
0- and 180 deg. For each incidence angle, at least 25 reduced veloc-
ities were carried out in the range of 4 <Vr < 25 and 7, 000 <Re <
50, 000.
Motion characteristic amplitudes for the 6 deg of freedom of

motions were measured; transverse and yaw motions were analyzed
and discussed in depth.
The presence of the HP is shown to play an essential role in the

FIM phenomenon of multi-column platforms, in particular, the JPK
model studied.
The presence of HPs decreased the FIM phenomenon, and the

impact was more significant the larger the HP dimensions. The phe-
nomenon was mitigated entirely for the largest HP dimension
tested, Wp/D= 0.57.
The existence of a central column showed that the incidence

angle was also an important variable. The presence of a central
column was more critical for the 180-deg incidence, whereby an
external column downstream was immersed in the wake due to
the central column upstream. Results from studies of an array of
three cylinders (without a central column) corroborated the state-
ments in this present work. The typical OC4 case geometry was
also used as a comparison to highlight the HP and central column
effects on the FIM of multi-column systems.
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Nomenclature
f = frequency of the motion
m = mass
D = characteristic length subjected to vortex shedding or

external column diameter
S = distance between external columns
T = draft
U = current velocity
X = inline direction
Y = transverse direction
Z = vertical direction
f0n = natural frequency in still water of nth DOF
fy = frequency of the motion in the transverse direction

Fig. 16 Non-dimensional ratio of frequency of yaw and motions
in the transverse direction for the JPK model with 180-deg inci-
dence and different HP dimensions
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AY = characteristic amplitude of the motion in the transverse
direction

Dcc = diameter of the center column
Dm = diameter of the ring for the mooring line fairleads
Dp = heave plate diameter

Dpcc = diameter of the center column heave plate
Hp = heave plate height
Hm = vertical position of the mooring line fairleads
Ht = height of the water level of the towing tank
KX = total stiffness of the system in the in-line direction

Kyaw = total stiffness of the system for the yaw motion
KY = total stiffness of the system in the transverse direction
Lm = in-line position of the mooring line fairleads
Lt = length of the towing tank

T0n = natural period of the motion n DOF
Vr = reduced velocity
Wm = transverse position of the mooring line fairleads
Wp = heave plate width
Wt = width of the towing tank
KG = distance between the center of gravity and the base
Re = Reynolds number
St = Strouhal-like number
ζn = linear damping ratio of nth DOF
θ = incidence angle
ν = dynamic viscosity

Abbreviations

DD = deep-draft
HP0 = case without HP
HPS = case with a small HP
HPM = case with a medium HP
HPL = case with a large HP
OC4 = Offshore Code Comparison Collaboration
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